The Escherichia coli periplasmic nitrate reductase (NapA) contains a [4Fe-4S] cluster and a Mo-bis-molybdopterin guanine dinucleotide (Mo-bis-MGD) cofactor. The NapA holoenzyme associates with a di-heme c-type cytochrome redox partner (NapB). These proteins have been purified, studied by spectropotentiometry and the structure of NapA determined. In contrast to the wellcharacterized heterodimeric NapAB systems of α-proteobacteria, such as Rhodobacter sphaeroides and Paracoccus pantotrophus, the γ-proteobacterial E. coli NapA and NapB proteins purify independently and not as a tight heterodimeric complex. This relatively weak interaction is reflected in dissociation constants of 15 µM and 32 µM determined for oxidized and reduced NapAB complexes, respectively. The surface electrostatic potential of E. coli NapA in the apparent NapB binding region is markedly less polar and anionic than that of the α-proteobacterial NapA, which may underlie the weaker binding of NapB. [2, 5, 6] . In Nap systems electrons from quinol are generally, but not aways, passed through one or two cytochrome c-containing proteins (NapC and NapB) to the catalytic subunit, NapA, that contains a bis-Mo-MGD cofactor and a [4Fe-4S] cluster [7] [8] [9] [10] . The periplasmic and membrane-bound nitrate reductases are structurally quite distinct. For example, in the periplasmic enzymes, cysteine provides a thiol ligand to the molybdenum ion, 2 whereas aspartate provides one or two oxygen ligands to the molybdenum ion in the membrane-bound enzymes [3, 4, 8, 9, 10] . In evolutionary terms the periplasmic and cytoplasmic assimilatory enzymes are most closely related and this is reflected in similar spectroscopic properties between the two enzymes, although the redox properties of the Mo centres have become tuned for their different metabolic functions [2, [11] [12] [13] .
The Escherichia coli periplasmic nitrate reductase (NapA) contains a [4Fe-4S] cluster and a Mo-bis-molybdopterin guanine dinucleotide (Mo-bis-MGD) cofactor. The NapA holoenzyme associates with a di-heme c-type cytochrome redox partner (NapB). These proteins have been purified, studied by spectropotentiometry and the structure of NapA determined. In contrast to the wellcharacterized heterodimeric NapAB systems of α-proteobacteria, such as Rhodobacter sphaeroides and Paracoccus pantotrophus, the γ-proteobacterial E. coli NapA and NapB proteins purify independently and not as a tight heterodimeric complex. This relatively weak interaction is reflected in dissociation constants of 15 µM and 32 µM determined for oxidized and reduced NapAB complexes, respectively. The surface electrostatic potential of E. coli NapA in the apparent NapB binding region is markedly less polar and anionic than that of the α-proteobacterial NapA, which may underlie the weaker binding of NapB. The Mo ion coordination sphere of E. coli NapA comprises two MGD dithiolenes, a proteinderived cysteinyl ligand and an oxygen atom. The Mo-O bond length is 2.6 Å, which is indicative of a water ligand. The potential range over which the Mo 6+ state is reduced to the Mo 5+ state in either NapA (between +100 and -100 mV) or the NapAB complex (-150 to -350 mV) is much lower than that reported for R. sphaeroides NapA (E m Mo 6+/5+ > +350 mV) and the form of the Mo 5+ EPR signal is quite distinct. In E. coli NapA or NapAB, the Mo 5+ state could not be further reduced to Mo 4+ . We then propose a catalytic cycle for E. coli NapA in which nitrate binds to the Mo 5+ ion and where a stable des-oxo Mo 6+ species may participate.
Bacterial nitrate reductases are molybdoenzymes that catalyse the two-electron reduction of nitrate to nitrite. They can be classified into three groups according to their localization and function, namely membranebound respiratory, periplasmic respiratory or cytoplasmic assimilatory enzymes [1, 2] . Bacterial respiratory membrane-bound nitrate reductases, such as E. coli NarGHI, are generally integral membrane protein complexes that have an active site on the cytoplasmic face of the membrane and couple quinol oxidation by nitrate to the generation of a transmembrane proton electrochemical gradient [2] . The catalytic subunit, NarG, contains a Mo-bismolybdopterin guanine dinucleotide (Mo-bis-MGD) 1 cofactor and a [4Fe-4S] cluster [3, 4] . Periplasmic nitrate reductases (Nap) are also linked to quinol oxidation in respiratory electron transport chains, but do not conserve the free energy of the QH 2 -nitrate couple. Nitrate reduction via Nap can be coupled to energy conservation if the primary quinone reductase, for example NADH dehydrogenase or formate dehydrogenase, generates a proton electrochemical gradient. Thus Nap systems have a range of physiological functions that include the disposal of reducing equivalents during aerobic growth on reduced carbon substrates and anaerobic nitrate respiration as part of bacterial ammonification or denitrification pathways [2, 5, 6] . In Nap systems electrons from quinol are generally, but not aways, passed through one or two cytochrome c-containing proteins (NapC and NapB) to the catalytic subunit, NapA, that contains a bis-Mo-MGD cofactor and a [4Fe-4S] cluster [7] [8] [9] [10] . The periplasmic and membrane-bound nitrate reductases are structurally quite distinct. For example, in the periplasmic enzymes, cysteine provides a thiol ligand to the molybdenum ion, whereas aspartate provides one or two oxygen ligands to the molybdenum ion in the membrane-bound enzymes [3, 4, 8, 9, 10] . In evolutionary terms the periplasmic and cytoplasmic assimilatory enzymes are most closely related and this is reflected in similar spectroscopic properties between the two enzymes, although the redox properties of the Mo centres have become tuned for their different metabolic functions [2, [11] [12] [13] .
Bioinformatic analyses reveal that the periplasmic nitrate reductase is phylogenetically widespread in proteobacteria [2] , but detailed biochemical and spectroscopic studies have been restricted to enzymes from relatively few species. The catalytic subunit (NapA) from periplasmic nitrate reductases from the α-proteobacteria Paracoccus denitrificans and Rhodobacter sphaeroides form a very tight complex with a di-c-heme subunit (NapB). This heterodimeric complex resists separation by a range of chromatographic methods that disrupt weak protein-protein interactions [10, [14] [15] and a K D of 0.5 nM has been experimentally determined for the reduced NapAB complex of the R. sphaeroides [10] . A 3.2 Å resolution structure of this enzyme suggests that tight complex formation is contributed to by two loops at the N-and C-terminal extremities of NapB that adopt an extended conformation and embrace the NapA subunit [10] . However, another structure of NapA, the 1.9 Å resolution structure from the δ-proteobacterium
Desulfovibrio desulfuricans, is that of a monomer and there is currently no evidence that this enzyme ever forms a hetero-dimer with a NapB subunit [9, 45, 53] . This has led to a subclassification of periplasmic nitrate reductases into monomeric and heterodimeric members [10] . Accordingly, it has recently been shown that there is no napB gene in the Desulfovibrio desulfuricans nap operon [53] .
In Escherichia coli NapA is part of a periplasmic electron transfer system that, together with a nitrite reductase (NrfA), can reduce nitrate to ammonium (so-called ammonification). This process can be coupled to energy-conserving electron transport with, for example, formate as electron donor [16] . The E. coli NrfA protein, which catalyzes reduction of nitrite to ammonium, has been the recent subject of detailed structural and spectro-potentiometric analysis [17] [18] [19] [20] . By contrast the Nap enzyme, which catalyses the first stage of ammonification, reduction of nitrate to nitrite, has never been purified from E. coli. There has been significant progress in structurally defining the E. coli respiratory network in recent years with structures of NrfA [17] , membrane-bound nitrate reductase [3] [4] , formate dehydrogenase [21] , fumarate reductase [22] , succinate dehydrogenase [23] and cytochrome bo oxidase [24] all emerging. The present study expands this molecular definition of the E. coli respirome through the spectro-potentiometric analysis and structure determination of E. coli NapA.
MATERIALS AND METHODS
Organism, Growth Conditions and Plasmids -The E. coli K-12 strain LCB2048 is defective in the membrane bound nitrate reductases A and Z [17] and was transformed with pJG460 (napDABCEFG). Cultures of strain LCB2048 (pJG460) were grown in glycerol and nitrate (GN) minimal salts medium containing 0.4% glycerol and 20 mM potassium nitrate [17] without aeration overnight at 37 o C after the addition of ampicillin (100 µg . ml -1 ). For scale-up, initial GN medium cultures (250 ml) were inoculated with 0.5 ml of overnight cultures grown aerobically in Luria-Bertani broth medium. The 250 ml GN cultures were transferred to 2 l batches of fresh GN medium and grown overnight at 37 o C. Purification of NapA and NapBPeriplasmic proteins were extracted from the harvested cells as previously described [17] and applied to a DEAE Cellulose column equilibrated in 10 mM Tris-HCl, pH 8.0. The column was developed using a wash buffer of 10 mM Tris-HCl, pH 8.0 and 30 mM KCl and the bound proteins were eluted with a linear gradient from 30 mM to 200 mM KCl. The eluted NapA fractions were applied to a butylsepharose column equilibrated with 10 mM Tris-HCl, pH 8.0, 3 M NaCl and 2 % glycerol. The column was developed using a 3 M -0 M NaCl gradient over 20 column volumes and NapA eluted at the end of the gradient. NapA was further purified by gel filtration using a Superdex-200 column (0.9 × 25 cm) equilibrated with 10 mM Tris-HCl, pH 8.0, 100 mM NaCl and 2 % glycerol. The fractions containing NapB after DEAE Cellulose chomatography were applied to a butylsepharose column equilibrated with 10 mM Tris-HCl, pH 8.0, 4.5 M NaCl and 2 % glycerol.
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The column was developed using a 4.5 M to 0 M NaCl gradient over 20 column volumes and NapB eluted at the end of the gradient. NapB was further purified by gel filtration using a Superdex-75 column (0.9 × 25 cm) equilibrated with 10 mM Tris, pH 8.0, 100 mM NaCl and 2 % glycerol. Protein concentration was determined by the Bradford method using bovine serum albumin as a protein standard [25] .
Crystal Structure Determination of NapA -E. coli NapA was concentrated to 10 mg ml -1 (~90 µM) in 50 mM Tris-HCl, pH 8.0. Crystals of typical dimensions 200 × 50 × 10 µm 3 were obtained from vapor diffusion experiments using 20% (w/v) PEG 4000 and 10% (v/v) 2-propanol in 100 mM sodium citrate buffer at pH 5.6. The crystals could be cryoprotected by transferring them to the same crystallization solution but containing in addition 25% (v/v) glycerol. The crystals belong to space group P2 1 with cell parameters a = 69.5 Å, b = 95.0 Å, and c = 131.2 Å with β = 96° and contain two molecules of NapA in the asymmetric unit. Xray data were collected on station ID14.2 at the ESRF, Grenoble, using an ADSC Quantum 4 CCD detector and processed to 2.5 Å resolution using MOSFLM [26] . The structure of E. coli NapA was solved by molecular replacement using the structure of the homologous enzyme from D. desulfuricans (PDB accession code 2NAP) as the search model. The program MolRep from the CCP4 program suite [27] gave a clear solution for the two molecules with a correlation coefficient of 0.46 and an R cryst of 49.7% for data in the resolution range 15.0-4.0 Å. Following rigid body refinement, the R cryst for this model (residues 4-257, 258-506, and 515-723 from the D. desulfuricans NapA structure) using all data to 2.5 Å had converged to 46.1%.
Model building was carried out using the program O [28] , and all refinement procedures were performed with strict CNS constraints applied throughout [29] . For refinement, 5% of reflections were set aside for the calculation of R free . [30] the final structure has all residues in allowed regions of the Ramachandran plot except Ala-2, Glu-159, Trp-492, His-690 and Ala-704. Structural comparisons were carried out using the program DALI [31] . Representations of molecular electrostatic potential surfaces were prepared using GRASP [32] . The atomic coordinates and experimental structure factors for the E. coli NapA have been deposited in the PDB with the accession code 2NYA.
Potentiometric Titrations -Poising of samples for EPR analyses were performed with the sample stirred in a glass cell housed in an anaerobic chamber and thermostated at 4 o C with a platinum wire and saturated calomel reference electrode. Potassium ferricyanide was used to fully oxidise the protein to +400 mV and dithionite was used as the reductant in the potential range of +50 to -550 mV. Titrations were performed in 50 mM Tris-HCl, pH 8.0, 100 mM KCl. Electrode-solution mediation was facilitated by the following mediators at a 10 µM concentration: neutral red, 2-hydroxy-1,4-naphthoquinone, safranine T, phenosafranine and benzylviologen. After equilibration at each potential, a 300 µl sample was removed, frozen in liquid nitrogen, and the EPR spectrum recorded. Mediated UV-visible spectrophotometric redox potentiometry was undertaken on NapB using methodology described by Dobbin et al. [33] . Titrations with dithionite on 0.2 µM NapB protein were performed in a cuvette placed in the spectrophotometer that contained a platinum wire and calomel combination glass electrode. The cuvette was maintained under an argon atmosphere at 20 °C in 20 mM NaHepes, pH 7.5. Mediators (duroquinone, phenazine ethosulfate, phenazine methosulfate, anthraquinone-2-sulfonic acid, anthraquinone-2,6-disulfonic acid, menadione, and benzylviologen) were used at a concentration of 10 µM. Spectra were acquired in situ at the desired potentials. For the redox titration of NapB in the NapAB complex, the concentration of protein needed to ensure complex formation was so high (100 µM) that the absorbance was too great for in-situ collection of spectra. Thus these titrations were carried out in an anaerobic glove box as described for the EPR analyses. 50 µl samples were withdrawn at the desired potentials and placed into 1 mm light path cuvettes in the glove box, which were sealed and removed from the glove box, while the UV-visible spectra were recorded. Reduction potentials are referenced to the standard hydrogen electrode.
Spectroscopy -Electron paramagnetic resonance (EPR) spectra were recorded on a Bruker EMX system X-band spectrometer equipped with an Oxford Instrument ESR-9 liquid helium flow cryostat and a dual mode EPR cavity. Spin quantification of the EPR signals were estimated by double integration and comparison with a 2 mM Cu 2+ -EDTA standard, all measured under non-saturating conditions. Conditions of measurement are as described in the appropriate figure legends. UVvisible absorption spectra of purified NapA and NapB were obtained on a Hitachi U4001 UVvisible spectrometer.
Analytical ultracentrifugation -Analytical ultracentrifugation (AUC) experiments were performed using a Beckman XLI analytical ultracentrifuge equipped with absorbance optics. The partial specific volume of NapA and NapB was calculated from the amino acid sequence using the program SEDNTERP [51] and had a value of 0.734 and 0.726 mL g -1 respectively. An equimolar mixture of NapA and NapB was dialysed and diluted to appropriate concentrations with 20 mM TrisHCl, 100 mM NaCl. Sedimentation equilibrium experiments were undertaken at 20 °C, 8,500 and 9,500 rpm. The concentration profiles of the NapA and NapB mixture in the AUC were measured at 410, 420 and 530 nm for 5 µM NapAB, and 440, 470 and 530 nm for 20 µM NapAB. Scans were recorded every four hours to determine when the mixture had reached equilibrium in the centrifuge. After equilibrium had been achieved 5 scans were recorded for each sample. For reduced NapAB experiments, 1 µl of a 1 M sodium dithionite solution was added to the ultracentrifuge cells in an anaerobic cabinet to give a final concentration of 10 mM. After reduction, the concentration profiles of the 5 µM sample were measured at 420, 440 and 550 nm, and 440, 450 and 530 for the 20 µM sample. The absorbance at 420 and 550 nm was carefully measured before and after the experiment to ensure that NapA and NapB remained reduced over the time required to achieve equilibrium. The program ULTRASCAN [52] was used to fit the obtained sedimentation equilibrium profiles to two different possible systems, either a single component system, or a system involving a 2 component heterologous complex. To obtain a dissociation constant for the NapAB complex, molecular weights for NapA and NapB of 90 and 17 kDa were used.
The absorbance coefficients of NapA and NapB at each wavelength measured were determined from their absorbance spectra.
RESULTS AND DISCUSSION
Purification of NapA and NapB from E.coli. -Soluble extracts were prepared from anaerobically grown E. coli LCB2048 (pJG460) and chromatographed on a DEAE cellulose anion exchange column. Analysis of column eluates by a combination of nitrate reductase assays, nitrite reductase assays, absorption at 410 nm (characteristic of cytochromes) and heme-stained SDS-PAGE allowed the different Nrf and Nap components of the enzymes involved in periplasmic reduction of nitrate to ammonium to be resolved. These are the NrfA nitrite reductase and penta-heme electron donor NrfB, and the NapA nitrate reductase and diheme electron donor NapB. This revealed that NapA did not co-elute with the NapB (Fig 1A) . Following separation by anion-exchange NapA and NapB were further purified separately to yield protein of >95% purity (Fig 1B & C) . The NapA preparation stained for nitrate reductase activity on native PAGE ( Fig. 1B ; note that NapA migrates differently on SDS and native PAGE) and the NapB preparation stained for heme-dependent peroxidase activity on SDS PAGE (Fig. 1C) . The final yields of NapA and NapB were routinely 20-50 µg per litre of starting cuture. The chromatographic separation of E. coli NapA and NapB distinguishes them from the well-characterized periplasmic nitrate reductases of the α-proteobacteria R. sphaeroides and P. pantotrophus, in which NapA forms a tight complex with NapB such that a heterodimeric NapAB complex co-elutes through a range of chromatographic matrices including anion exchange [10, [14] [15] .
Formation of the NapAB complex -To explore the strength of the interaction between E. coli NapA and NapB further, the dissociation constant of the air-oxidized and dithionite reduced NapA-NapB complex was measured using sedimentation equilibrium centrifugation. Equimolar mixtures of NapA and NapB at 5 µM and 20 µM were studied. Equilibration was performed at two centrifugation speeds of 8,500 rpm and 9,500 rpm and monitored through the absorbance of NapA and NapB at different wavelengths (410, 420 and 530 nm) that were selected from different points of the NapA and NapB UV-visible absorption spectra. Each experiment was performed five times giving a total of 45 equilibration gradients that were then analysed using ULTRASCAN. Some representative data sets are shown in Fig. 1D that were collected at 8,500 rpm. The relative absorbance domains of the sedimentation curves at each wavelength reflect the total absorbance of the equimolar mixture of NapA and NapB and in all cases a stable concentration gradient across the ultracentrifuge cell was formed after ~ 12 h (Fig. 1D) .
The equilibration gradients are directly dependent on the weight-averaged molecular weight (M w(av) ) of proteins in solution. As the 90 kDa NapA and 17 kDa NapB have distinct absorbance profiles, the M w(av) obtained from the equilibrium gradients would be expected to vary depending on the relative contributions to the absorbance each component protein provides. Examples of the M w(av) determined at different wavelengths and concentrations of the oxidized and reduced proteins are shown in Table 2 . It is apparent that neither the oxidized nor the reduced forms of the protein form a stable complex under the conditions used. However, the M w(av) does increase with concentration, as expected for a complex in dynamic equilibrium. At all wavelengths monitored, the M w(av) of the oxidized proteins were slightly higher than that of the reduced proteins ( Table 2 ), suggesting that the dissociation constant of the NapAB complex changes during oxidation and reduction.
In order to obtain a dissociation constant for the NapA-NapB complex in the oxidised and reduced states, the program ULTRASCAN was used to simultaneously fit 8 data sets (each containing 5 scans) for a situation in which the 90 kDa NapA monomer, 17 kDa NapB monomer and 107 kDa NapAB heterodimer states are in a fully reversible dynamic equilibrium.
Simultaneous fitting of these different, but fixed, parameters allowed the determination of the dissociation constant of the NapAB complex. Satisfactory fits were solved using a K D ABox of 15 µM for the oxidized complex and the quality of the fits to the data shown in Fig. 1D is apparent from the small residuals shown in the upper panel. A similar approach was used to determine the dissociation constant of the dithionite-reduced NapAB complex K D ABred (Fig. 1E ). Spectra collected in the AUC cells at the start and the end of the experiments confirmed that the sample was reduced throughout the experiments and a K d
ABred of 32 µM was determined. This is five orders of magnitude higher than the experimentally determined K d of 5 x 10 -4 µM for the reduced NapAB complex of R. sphaeroides [10] and highlights the much weaker interaction of NapA and NapB complex in E. coli that results in their purification in monomeric rather than heterodimeric states.
The weak interation between NapA and NapB observed in E. coli adds weight to the emerging view that NapA evolved from the ferredoxinor flavodoxin-dependent cytoplasmic eubacterial assimilatory nitrate reductases [1, 2] . In this evolutionary view the primordial 'cytoplasmic' enzyme would have become fused to a signal peptide allowing it to be been translocated to the periplasmic compartment where it would need a new electron donor to enable it to derive electrons from the respiratory electron transport chain. The monomeric NapA of the δ-proteobacterium D. desulfuricans lies in a clade that comprises the closest known NapA relatives of the assimilatory nitrate reductase and that do not interact with a NapB-type protein [45, 53] . When, during evolution, NapA recruited the primordial NapB as a redox partner the molecular interaction would initially have been weak. This situation is then still reflected by the micromolar K D observed for transient NapANapB interaction in the γ-poteobacterium E.
coli. As the NapA and NapB proteins coevolved the interaction would have become stronger such that a tight heterodimeric NapAB complex, typified in the α-proteobacteria R. sphaeroides and P. pantotrophus, was the final evolutionary outcome. Consequently, it is important to note that some bacterial nap gene clusters that encode napB also have a gene encoding another putative periplasmic electron transfer protein NapG that binds iron sulfur clusters [2, 16, 38] . These include E. coli and the weak association of NapB with NapA in this organism may allow for some promiscuity of NapA in also accepting electrons via NapG. However, this would not be the case for the R. sphaeroides or the P. pantotrophus where the tight association between NapA and NapB precludes electron supply from diverse sources and in which, accordingly, napG is not present in the nap gene clusters [2, 16] .
Spectropotentiometric Characterization of E. coli NapA iron sulfur centre -The UVvisible spectrum of monomeric E. coli NapA exhibits broad absorption shoulders at around 300-500 nm that are characteristic of the presence of an iron-sulfur cluster (not shown). The X-band EPR spectrum of air-oxidized NapA, collected at 10 K, indicated the presence of a small amount of a signal characteristic of a [3Fe-4S] 1+ cluster ( Fig. 2A) . This was present at less then 0.1 mol per mol NapA. However, on reduction with dithionite an intense rhombic signal developed with g 1,2,3 = 2.0547, 1.9529, 1.9066 ( Fig. 2A) 2+/1+ couple could be approximated (Fig. 2B) .
In order to study the potentiometric properties of the NapA and NapB redox centres in the NapAB complex the hetero-monomers were mixed together at equimolar concentrations of 100 µM. 1+ states was still in a low potential domain -150 to -300 mV, but was shifted negatively by around 200 mV compared to monomeric NapA (Fig. 2B) . Such a shift could perhaps be explained if the iron sulfur cluster experiences a more polar environment within the NapAB complex compared to the NapA monomer, which can serve to stabilise the oxidized state of the cluster [43, 44] . We have been unable to obtain diffracting crystals of E.coli NapB, but molecular models suggest the regions predicted to interact with NapA are indeed more polar than that of R. sphaeroides NapB (supplementary Fig. S1 ) with, for example, a key residue at the interface Ala100 being substituted for by Glu98 in E.coli NapB.It is notable that the fitted E m in the NapAB complex (-250 +/-30 mV) is more similar to that of the buried cluster in P. pantotrophus NapAB (-160 mV) [7] . However, in R. sphaeroides the opposite pattern is observed with the [4Fe4S] 2+/1+ cluster of recombinant monomeric NapA, expressed in a napB background, having a much lower midpoint potential (-250 mV) than the [4Fe4S] 2+/1+ cluster in the NapAB complex (-70 mV) [10] , which serves to illustrate that there are most likely many factors [see e.g. 43, 44] that come together to influence the redox potential of the iron sulphur cluster in NapA from different bacteria.
Spectropotentiometric characterization of E. coli NapA Mo-bis-MGD centre -The X-band EPR spectrum, collected at 60 K, of airoxidized NapA was reatively featureless. However, reduction of the enzyme with dithionite caused the appearance of a rhombic and highly anisotropic signal (Fig. 3A) . This signal is split by a weakly interacting I = 1/2 nucleus (A av = 5.3 G) that did not exchange into D 2 O. Once NapA had been fully reduced this species accounted for 70-90% of the total Mo in NapA, depending on the preparation (four independent preparations were examined). This signal was assigned to a Mo 5+ species. The spectroscopic properties of NapA have been studied in some detail for the NapAB enzyme complex from P. pantotrophus and for which a number of Mo 5+ EPR signals have been reported that must reflect some plasticity of the active site pocket in this redox state [8, 34] . One group of signals, termed High g, are thought to arise from structural states in which both MGD dithiolenes provide Mo 5+ ligands [8] . ENDOR studies on the periplasmic nitrate reductase from P. pantotrophus suggest that non-exchangeable cysteine β-methylene protons cause the splitting observed in the High g Mo 5+ EPR signals [35] . Another group of NapA Mo 5+ EPR signals, termed Low g, are thought to reflect a state in which one of the dithiolenes is not coordinated to the Mo 5+ [8] . The signal detected in E. coli NapA falls into the High g group and no evidence of any of the Low g signals was apparent. The High g signals can be further subdivided according to the g av, anisotropy and, most characteristically, rhombicity. The High g Resting signal of P. pantotropus NapAB (Fig.  3A, Table 3 ) is present in as-isolated airoxidized enzyme, where it can account for up to 20% of the total Mo ions in the sample. [8, 34] . We also note that the Mo 5+ signal present in asisolated R. sphaeroides NapAB has very similar features (Table 3 ) [10] . However, in both these cases, in marked contrast to the E. coli Nap Mo 5+ signal, the High g Resting signal is lost, rather than generated, on addition of dithionite. Furthermore, it is notable that the monomeric E.coli NapA High g Mo 5+ signal is more rhombic than the High g Resting of the heterodimeric NapAB enzymes of P. pantotrophus and R. sphaeroides.
To investigate the properties of the E. coli NapA Mo 5+ state further, EPR spectra of poised samples were collected. Although there is some scatter on the data points it is clear that the High g Mo 5+ signal developed over the potential range +150 to -200 mV (Fig. 3B) and reached approximately 50% of it's maximum magnitude at around -25 mV, which is then an approximate value for the E m for the Mo 6+/5+ couple (Fig.  3B) . The reduction from the EPR-detectable Mo 5+ state to an EPR-silent Mo 4+ state was not observed in E. coli NapA at lowest potentials reached (~ -400 mV) using dithionite as a reductant (Fig 4B) and so the E m of the Mo 5+/4+ couple must be substantially lower than -400 mV. In the titre of the NapAB complex the Mo 5+ EPR signal was still in the High g form and still titrated in a low potential domain but, as for the [4Fe4S] 2+/1+ couple, this was shifted negatively by around 200 mV (Fig. 3B) .
It is notable that, regardless of the oligomeric state, the redox titres of the Mo 6+/5+
couple of E. coli NapA and NapAB lie in a completely different potential domain to those of the High g Resting signals from the heterodimeric NapAB complexes of R. sphaeroides and P. pantotrophus for which the E m of the Mo 6+/5+ couple is in the range > +300 to +400 mV and the E m of the Mo 5+/4+ couple is in the range of -120 to -225 mV [10] . These are then some >400 mV higher than those resolved here for the Mo 6+/5+ and Mo 5+/4+ couples of E.coli NapA and NapAB that instead more resemble those of the assimilatory nitrate reductase of Synechoccus elongatus [11] . This is consistent with our proposal that E. coli NapA represents an evolutionary transition stage from the cyanobacterial monomeric assimilatory enzyme to the tight heterodimeric NapAB enzymes from Rhodobacter and Paracoccus genera.
Our analysis of the E. coli NapA Mo
5+
EPR signal also reveals that it is very similar to a signal recently described for the monomeric D. desulfuricans NapA [54] . Like that of E. coli NapA and NapAB, this signal is not present in 'as prepared' enzyme and can be resolved in a stable state following reduction of the enzyme with dithionite and treatment with nitrate ( Fig.  3A and Table 3 [Nitrate]). It is also notable that the E. coli Nap Mo 5+ signal is very similar to another High g signal of P. pantotrophus NapAB that was also originally generated in the presence of dithionite and nitrate and therefore termed High g Nitrate (Fig. 2 and Table 3 ) [10, 34] . The possibility has previously been raised that this signal was catalytically relevant and the High g Resting signal was not. The description of this type of signal presented here for the E. coli NapA in the absence of nitrate confirms that this Mo 5+ Nitrate signal is not a nitrate bound form. However, given the failure to identify a High g Resting signal, it does add weight the view that it could be a catalytically relevant signal and it is compelling to note that a very similar signal has now also been described during turnover of D. desulfuricans NapA [36, 54] (Table 3 [Turnover]).
Spectropotentiometric characterisation of E. coli NapB hemes -The UV-visible spectrum of oxidized NapB has a Soret band centered at 408 nm, a visible region peak at 531 nm and a shoulder at 560 nm. The spectrum is typical of low spin ferric heme. Upon reduction, the Soret band maximum shifts to 420 nm and peaks at 525 and 552 nm appear that are characteristic of low spin ferrous c-type cytochromes appeared (Fig. 4A) . Absorption spectra of NapB were collected at a range of potentials between +400 and -450 mV. An increase in absorbance at 552 nm was observed over the range of approximately -100 to -450 mV. The change in absorption at 552 nm is bi-phasic and best fitted to two hemes that titrate as n = 1 components with E m of +10 and -160 mV (Fig. 4B) . For the redox titration of the NapAB complex, the dependence of absorbance at 552 nm on potential was similar to that observed for the NapB monomer with a two component titre over a comparable potential span being apparent, but with the high potential heme contributing more than the low potential heme to the total absorbance (Fig. 4B) . The midpoint potentials of the NapB hemes compare to: +80 mV and -15 mV for P. pantotrophus NapAB [15] ; -60 mV and -200 mV for R. sphaeroides NapAB [10] ; -25 mV and -170 mV for Haemophilus influenzae monomeric NapB (produced in E. coli) [48] and -100 mV and -200 mV for R. sphaeroides monomeric NapB (produced in a napAB background in R. sphaeroides) [10] . All these values are in a range that is commonly found for bis-His ligated hemes that have low redox potentials as a result of the electron-donating properties of the imidazole ring nitrogens, which serve to stabilize the ferric state.
The 10 K perpendicular mode X-Band EPR spectrum of air-oxidized NapB (Fig. 4C) contains a low spin (S = ½) rhombic species with g 1,2,3 = 2.9750, 2.2355 and 1.4410. There is also a positive feature at g = 4.3 that is likely to arise from a small amount of adventitious iron, and a derivative feature at g = 2.06, which may be assigned to adventitious copper. The spin integration of the rhombic signal yields approximately 2 spin per NapB molecule, showing that both hemes bound by NapB are contributing the EPR signal. Rhombic signals of this nature are characteristic of low spin hemes in which the planes of the imidazole rings are near parallel, rather than twisted towards perpendicular. Despite extensive efforts we were unable to obtain diffracting crystals of E. coli NapB, but the structural information of the heme ligand orientation is consistent with the orientation apparent in the structure of R. sphaeroides NapAB [10] and the truncated structure of H. influenzae NapB [48].
The 2.5 Å Crystal Structure of E. coli NapA -E. coli NapA crystallized in space group P2 1 with two monomers in the crystallographic asymmetric unit. The structure was solved by molecular replacement methods using the structure of the homologous enzyme from D. desulfuricans [9] and refined at 2.5 Å resolution, using a strict NCS relationship between the two NapA monomers, to a final R factor of 18.7 % (Rfree = 24.7 %) ( Table 1 ). E. coli NapA is synthesised as a pre-protein with a signal peptide that is cleaved during export to the periplasm. We have previously determined the cleavage site to follow a Gly-Gln-Gln sequence in the pre-protein such that the first amino acid of the mature exported protein is Asp (supplementary Fig. S2) [49] . This was the first amino acid that we could fit to the electron density maps and the numbering used in the following text takes this as residue 1. The polypeptide fold is of the α/β type and is organized into four domains ( Fig. 5A and supplementary Figs S2 and S3). Domain I (red) comprises residues 1-59, 492-520 and 590-630; domain II (green) comprises residues 60-138, 375-491 and 521-589, domain III (yellow) comprises residues 139-374 and domain IV (blue) comprises residues 631-791. This arrangement is similar to that observed in the NapA structures from D. desulfuricans and R. sphaeroides. From a superposition of the structures ( Supplementary Fig. S4 ) an rms deviation of C α atoms of 1.43 Å is obtained for the E. coli and D. desulfuricans enzymes which decreases to 0.62 Å for the E. coli and R. sphaeroides enzymes. These alignments give a 41% identity over a total of 698 structurally equivalenced residues between E. coli and D. desulfuricans and a 68% identity over a total of 781 structurally equivalenced residues between E. coli and R. sphaeroides. There are four significant non-aligned regions of the structure between the NapA from E. coli and D. desulfuricans. These regions are insertions in the E. coli enzyme sequence relative to that of D. desulfuricans and are present in both E. coli and R. sphaeroides, where they are located on the surface of the NapA protein ( Fig. 5A, pink; supplementary Figs. S2 and S3).
The [4Fe-4S] cluster identified by EPR is coordinated by Cys10, Cys13, Cys17 and Cys45, all of which are provided by domain I and are completely conserved in NapA from Gram negative and Gram positive bacteria ( Fig  5A, black, Fig. 5B and supplementary Fig. S2 ). As with both D. sulfuricans and R. sphaeroides NapA, the Mo-bis-MGD cofactor (Fig. 5A , black) makes around 40 H-bond and hydrophobic interactions with residues from domains II, III and IV of the proteins ( Supplementary Fig. S5 ) and lies buried at the base of a putative substrate and product entry / egress funnel that is lined with charged residues provided by domains II and III (e.g. Asp158, Glu159, Arg382 and Glu383, all of which are highly conserved in the NapA family (supplementary Figs. S2 and S3 ). The iron sulfur cluster makes a close interaction with one of the MGD moieties of the Mo-bis-MGD cofactor in which a water molecule may play an important strucutural and / or functional role (Fig. 5B ). This water molecule is H-bonded to the conserved Lys47 (supplementary Figs. S2 & S3) and the pterin ring and is thereby positioned in the space between the iron sulfur cluster and the pterin. It is possible that the stabilisation of the oxidized states of both the [4Fe-4S] 2+/1+ and Mo 6+/5+ couples that occurs on formation of a NapAB complex reflects a cooperativity between these centres that relates to this molecular coupling. The low resolution of the NapAB complex structure of R. sphaeroides prevents assessment of whether this water is conserved, but it is present in the structure of the monomeric NapA of D. desulfuricans and in the closely related formate dehydrogenase-N [42]. It is also notable that mutation of the lysine residue in Ralstonia eutrophus results in a loss of catalytic activity [50] .
The surface that defines the aperture of the substrate funnel leading to the site of nitrate reduction at the Mo ion (Fig. 6A ) and the surface that interacts with NapB and surrounds the iron sulfur cluster (Fig. 6B ) are both more hydrophobic in E. coli NapA than in R. sphaeroides NapA, which is more polar and anionic.
Factors that affect the reduction potentials of [4Fe-4S] clusters include electrostatic surface potential, with more negative surface potential predicted to make the cluster more difficult to reduce [43, 44] . Thus the >200 mV lower E m [4Fe-4S] 1+/2+ in the recombinant R. sphaeroides NapA monomer (-250 mV) than in the native E.coli NapA monomer (-25 mV) is consistent with the more negative electrostatic surface of the latter enzyme.
It is notable that the electrostatic surface of E. coli NapA is qualitatively more similar to that of D. desulfuricans NapA, which does not use NapB an electron donor (Fig. 6) . This is then consistent with our view of the evolution of the NapA-NapB interaction in which the surface of E. coli NapA is similar to that of NapBindependent NapAs and so does not present that highly specific surface for NapB binding that has evolved in R. sphaeroides NapA. The structure of the heterodimeric NapAB of R. sphaeroides reveals that a Tyr residue lies between a heme NapB and the [4Fe-4S] cluster of NapA. This residue is also conserved in the E. coli NapA structure (Tyr 56, Supplementary  Fig. S2 ) and so may play an important role in NapAB interactions and electron transfer in both systems. It is then notable that it is absent in D. desulfuricans [45] , Symbiobacterium thermophilum and Desulfitobacterium hafniense NapA, all of which are thought to be NapBindependent enzymes [53] . In analysing the structure of heterodimeric NapAB from R. sphaeroides, Arnoux et al. [10] used the D. desulfuricans monomeric NapA as a model to assess possible conformational changes between the monomeric and heterodimeric states and noted a 5˚ rigid body motion of Domain IV between the heterodimeric R. sphaeroides and monomeric D. desulfuricans NapAs. It is now known that D. desulfuricans NapA is not a NapB-dependent enzyme [53] therefore the significance of this comparison is limited and our new structure of a monomeric NapBdependent NapA from E. coli does not show any significant rigid body motion of Domain IV relative to that of the R. sphaeroides enzyme (hence the very low rms of 0.62 Å). We therefore suggest that there is no major conformational change in NapA associated with binding of NapB. Arnoux et al. [10] also noted that a salt bridge between R756 and E697 that is absent in D. desulfuricans NapA could account for this rigid body motion, rather than NapB binding. This salt bridge is conserved in E. coli NapA, supporting the alternative interpretation.
In the R. sphaeroides NapAB the interface between NapA and NapB is stabilised by 24 hydrogen bond interactions, 19 of which arise from two N-terminal and C-terminal extended loops of NapB that embrace the NapA subunit. Amino acid sequence alignments of NapB from R. sphaeroides and E. coli reveal that the core of the protein which binds the two hemes shows 59% identity (for a 68 amino acid stretch of the alignment). However this decreases to only 13% (for a 37 amino acid stretch of the alignment) and 21% (for a 23 stretch of the alignment) in the N and Cterminal loops, respectively. Given the contribution that these regions may play to the formation of the NapAB complex in R. sphaeroides, this suggests that the poorer residue conservation of these regions of the protein may contribute to the failure of NapA and NapB to form a tight complex in E. coli.
The molybdenum coordination of E. coli NapA and a possible catalytic cycle -The coordination sphere around the NapA Mo ion includes four thiol ligands from the two MGD groups with Mo-S bond distances in the range 2.38-2.48 Å, one sulfur ligand from Cys143 with a Mo-S bond length of 2.43 Å, and one oxygen ligand. The Mo-O bond length is 2.60 Å (Fig. 7A-C) . Examination of an |F o -F c | electron density omit map (the bound water molecule was removed for the calculation) contoured at 6σ unambiguously confirmed the position of a bound oxygen at this position (Fig 7B, note a water molecule has been added for clarity at the centre of the difference electron density feature). Even given the possible error in this interatomic distance measured in a structure refined at 2.5 Å resolution, the Mo-O bond length of 2.60 Å is significantly longer than 2.06 Å reported for the Mo-OH/OH 2 distance in the 1.9 Å resolution structure of D. desulfuricans NapA (note that the resolution of the R. sphaeroides NapAB structure is, at 3.2 Å, too low to derive with confidence the length of the Mo-O bond). Superimposition of the E. coli NapA and D. desulfuricans NapA structures centered on the Mo ion (Fig. 7C) shows further that the longer Mo-O bond length in E. coli NapA allows for potential hydrogen bond interactions with the conserved Gln374 residue. It is then also possible to imagine that this residue participates in nitrate binding during the catalytic cycle. It should also be noted that there was no evidence for the modification of Met336 (a residue located close to the Mo ion in the active site), to a sulfoxide. This modification was observed for the equivalent residue in the D. desulfuricans NapA and was suggested to arise from an oxidative side reaction following exposure to air during purification [9] .
An oxo-transfer mechanism that requires involvement of a Mo 6+ =O species is widely envisaged for nitrate reductases and other Mobis-MGD dependent reductases such as the DMSO reductase [46, 47] . However, the bond length of 2.60 Å for Mo-O bond in crystal structure E. coli NapA is more indicative of water ligation and hence of a des-oxo Mo ion coordination state. Because of the possibility of photo-reduction during data collection the redox state of the Mo ion in the Nap crystal structure cannot be known with certainty. However the EPR data indicates the absence of an exchangeable water molecule in the Mo 5+ coordination sphere, suggesting that the crystal structure is not that of a Mo 5+ species. Given also the very low potential of the Mo 5+/4+ (<-400 mV) couple in the NapA monomer that prevents reduction to Mo 4+ in solution, it is then reasonable to argue that Mo ion in the E. coli NapA structure presented is in the Mo 6+ state. Based on this assertion a tentative catalytic cycle can be proposed (Scheme 1 [11] . Similar interrogative approaches with PFV are now required to develop this E. coli NapA catalytic model further.
Since the two high resolution NapA structures apparently give a consensus for a desoxo Mo 6+ state, they can be set apart from other Mo-bis-MGD reductases such as the membranebound nitrate reductase, dimethylsulfoxide reductase and trimethylamine N-oxide reductase, all of which have one or more oxo-groups in at least of one the Mo 6+ structural states resolved by X-ray crystallography [3, [39] [40] . However, two separate EXAFS studies on the heterodimeric NapAB of P. pantotrophus have given strong evidence for oxo group ligation in the Mo 6+ state [8, 34] . If correct, this is not inconsistent with the scheme shown in Fig. 7 as the equilibrium between Mo 6+ =O and Mo 6+ -OH/OH 2 states will simply be determined by the pK a of the oxo group, a parameter that can in turn be expected to be influenced by differences in electrostatic properties of the protein.
Nevertheless it is notable that the stable des-oxo Mo 6+ coordination of E. coli and D. desulfuricans NapA is reminiscent of that of the formate dehydrogenases [21] to which NapA is closely related [1, 2] and which display a selenocysteine and water ligand to the Mo 6+ . This soluble nitrate reductase / formate dehydrogenase group of enzymes is sometimes called the type 1 group and characterised by a cysteine or selenocysteine molybdenum ligand. This present study of E. coli NapA, along with that of NapA in D. desulfuricans, suggests that they can also be characterised by having crystallographically defined des-oxo Mo 6+ states. The question of whether these states are relevant to the catalytic cycle nevertheless remains and now requires further structure-spectroscopy studies on the enzymes in different redox states with substrates or inhibitors bound. 1 Abbreviations: Mo-bis-MGD, Mo-bis-molybdopterin guanine dinucleotide; NapA, catalytic subunit of the periplasmic nitrate reductase; NapB, di-c-heme cytochrome redox partner of NapA; PFV, protein film voltammetry.
FIGURE AND SCHEME LEGENDS Figure 1 . Resolution of NapA and NapB and purification as separate proteins. A, protein elution profile of an E. coli LCB2048 soluble subcellular fraction chromatographed on a DEAE Cellulose anion exchange column showing the positions that NrfA, NrfB, NapB and NapA elute from the column. The dashed line represents a 20-200 mM NaCl gradient. B, SDS-PAGE analysis of purified E. coli periplasmic nitrate reductase NapA. Lane 1, molecular weight markers (from top to bottom: 250, 150, 100, 75, 50, 37 and 25 kDa); 2, Coomassie stained purified NapA; 3, Nitrate reductase activity-stained native PAGE gel of purifed NapA. C, SDS-PAGE analysis of purified E. coli periplasmic nitrate reductase NapB. Lane 1, Marker proteins (from top to bottom: 100, 75, 50, 37, 30, 23, 15 and 10 kDa); 2, Coomassie stained purified NapB; 3, Heme-stained purifed NapB. D and E, Dissociation of the NrfAB in solution as monitored by sedimentation equilibrium in the oxidised (D) and reduced (E) states. Lower panels: The absorbance profiles of NapAB were all fitted to a model where the NapAB dimer dissociated into 90 kDa and 17 kDa monomers with a K Figure 2 . Spectropotentiometric properties of the iron sulfur centre of E. coli NapA. A, Xband EPR signals from the iron-sulfur centre of NapA from the E. coli periplasmic nitrate reductase. Upper spectra: dashed line air-oxidized NapA; solid line 50 µM NapA reduced with 1 mM dithionite. Lower spectrum: simulation of reduced spectrum with parameters of g 1 = 2.0547, g 2 = 1.9529, g 3 = 1.9066. Conditions of measurement: NapA (50 µM) in 50 mM Tris-HCl buffer (pH 8.0); temperature, 10 K; microwave power, 2 mW; microwave frequency, 9.68 GHz; and modulation amplitude, 10 G. B, plot of normalized signal intensity (measured from the peak to trough ratio of the g 3 feature) versus potential. Closed circles NapA, open circles NapAB complex. The data were fitted with n = 1 Nernstian curves. Each point is taken from a separate EPR spectrum for which the conditions of measurement were as for panel A. Table 3 [56], Pp_nit, P. pantotrophus NapA incubated with dithionite and nitrate, parameters as in Table 3 [8] . Pp_rest, P. pantotrophus NapA airoxidized, parameters as in Table 3 [8] . B, plot of normalised signal intensity (measured from the trough of the g 3 feature) versus potential. The data were fitted with n = 1 Nernstian curves. Each point is taken from a separate EPR spectrum for which the conditions of measurement were as for panel A. Closed circles NapA, open circles NapAB complex. Figure 4 . Spectropotentiometric properties of NapB from E. coli periplasmic nitrate reductase. A, the UV-visible absorption spectrum of NapB (100 µM) in 50 mM Tris-Cl (pH 8.0), solid line, air-oxidized NapB; dashed line, dithionite-reduced NapB. B, plot of normalized signal intensity (measured from the intensity of the peak at 552 nm feature) versus potential. The data were fitted with an n = 1 Nernstian curve with E m = +10 mV and -160 mV for the two heme species. Closed circles NapB, open circles NapAB complex. Conditions of measurement were as follows: NapB (0.2 µM) in 50 mM Tris-Cl buffer (pH 8.0). C, X-band EPR signals from NapB. Conditions of measurement: NapB (100 µM) in 50 mM Tris-HCl buffer (pH 8.0); temperature, 10 K; microwave power, 2 mW; microwave frequency, 9.68 GHz; and modulation amplitude, 1 mT. Figure S1 . The crystal structure of R. sphaeroides NapB and a Model of E. coli NapB. The R. sphaeroides NapB structure was taken from [10] . Identical residues are highlighted in black, conserved residues are highlighted in grey and cofactor coordinating residues are designated by asterisks (*). Selected experimentally determined signal peptides are underlined in black. For proteins which have been structurally characterized, amino acids regions that comprise Domains I, II, III and IV are underlined in red, green, yellow and blue, respectively. Inserted sequence regions are underlined in grey. Table 1 . X-ray data collection and refinement statistics. Table 2 : Examples of average molecular weights of equimolar mixtures of NapA and NapB determined from sedimentation equilibrium gradients measured at different wavelengths and concentrations. The extinction coefficients ε NapB and ε NapA were determined using the absorbance profiles shown in figures 2A and 3A. Protein samples were in 20 mM Tris pH 8.0, 100 mM NaCl. † The percentage shown in parentheses is the percentage that the absorbance of each component protein would contribute to the total observed absorbance of an equimolar mixture of NapA and NapB.
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